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Problem  of  air-cooliHK  turbine  blades 
Zonukov 

Izv.vyssh..ucliebn.zavedenii.Aviats-teldi.  (2) , 

130-137?  Kazan'51962,  U.S.S.R. 

In  order  to  improve  the  specific  thrust  of  modern  aircraft  gas  turbines, 
solutions  must  bo  found  to  a  series  of  problems;  one  of  the  most  important 
arises  from  the  raising  of  gas  temperatures  at  inlet  to  the  turbine. 

Scientific  research  and  experiment?!  v/ork,  carried  out  at  present  vTith  a 
view  to  solving  this  problem  are  directed  towards  inventing  new  heat-resisting, 
materials,  towards  more  efficient  design  and  construction  and  tov/ards  more 
efficient  methods  of  cooling  turbine  components  working  in  regions  of  high  gas 
temperature • 

The  present  paper  describes  a  design,  elaborated  by  the  author,  of  an  air^ 
cooled  gas  turbine  blade  and  the  results  of  preliminary  tests  carried  out  to 
ascertain  its  reliability. 

The  construction  of  the  blade  (fig.  1 )  consists  of  a  supporting  stem  1 
taking  the  load,  a  freely  mounted  profiled  cover  shell  2  and  a  thrust  collar  3» 
The  supporting  stem  is  made  in  one  piece  with  the  root  of  the  blade.  Tbe  thrust 
collar  is  v/elded  on  or  stamped  on  after  the  cover  shell  has  been  mounted  in 
position.  There  is  practically  no  contact  between  the  supporting  stem  and  the 
cover  shell  and  the  latter  can  therefore  expand  freely  on  heating.  Due  to  the 
effect  of  centrifugal  forces,  the  shell  is  continually  subjected  to  compression, 
as  it  bears  against  the  thrust  collar  3.  All  the  stresses  in  the  cover  shell 
are  convoyed  to  the  ’’cold”  stem. 

Fig.1 ,  Diagram  of  the  composite  encased 
blade  designed  by  the  author. 

The  cooling  air,  as  shown  in  fig.  1 ,  is  conveyed  through  the  openings  in 
the  root  and  stem  to  the  inside  surface  of  the  shell. 

Cooling  the  shell  and  the  stem  on  the  inside  in  a  chord \7ise  direction, 
the  air  is  heated  and  ejected  into  the  flow  passage  between  adjacent  blades 
in  the  turbine  rotor  through  the  openings  situated  near  the  trailing  edge  of  the 
cover  shell. 

The  possibility  of  free  thenrial  deformation  of  the  shell  in  a  radial 
(or  spanv/ise)  direction  and  the  absence  of  any  solid  connection  v/ith  the  stem, 
tend  to  reduce  the  stresses  in  the  structure.  The  temperature  distribution 
along  the  spanvdse  length  of  a  blade  of  this  sort  is  bound  to  be  more  uniform 
(fig.  2#). 


Fig. 2.  Temperature  distribution  along  the  spanwise 
length  of  the  blades:  1  -  uncooled  blade, 

2  -  covered  blade  with  a  free  cover  shell 
(the  stem  does  not  take  part  in  the  heat 
^chan^ice).  and  3  -  covered  blade  with  a 
cover  shell  .jo ined  to  the  stem  Tthe  s^m 
takes  part  in  the  heat  exchange). 

The  design  allows  of  considerable  temperature  differences  between  the 
cover  and  the  stem  and  thereby  ensures  conditions  which  might  allow  a  less 

1. 


heat-resistant  material  to  bemused  for  the  stem. 

The  factor  of  safety  of  the  construction  as  a  whole  is  determined  by 
the  factor  of  safety  of  the  cover  shell,  -/ith  a  uniform  strength  of  shell 
and  stem  the  latter  can  be  considerably  lightened,  A  reduction  in  the 
weight  of  the  blade  v/ill  ease  'the  load  on  the  turbine  rotor  or  v/ill  reduce 
its  v/eight. 

Experiments  carried  out  in  I9d>  tho  Y.A1  Turbine  Experimental  Laboratory 
(1  )  with  a  covered  blade  of  a  similar  co-nstructionj  have  shown  a  satisfactory 
temperature  uniformity  both  along  the  spanv;ise  length  as  well  as  along  the 
chordwise  poriuoter  of  tL'..  blade  (figs,  an-.l  3)*  Fig. 5  shows  the  construc¬ 
tion  of  this  blade. 
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Fig*  3*  Diagram  of  blade  designed  by  the  KAI  Gas  Turbine 

(^uncil  in  19/19^  (l)  supportinH  stem,  (2)  thrust 
ribs  and  (3)  thin  ^auge  cover  shell*' 

Words  in  figxire  (top  to  bottom)? 

Roller  weld 

Roller  weld 

Clearance  not  less  than  1  mm 

The  disadvantages  of  this  construction  are  the  low  efficiency  of  cooling.^ 
due  to  the  radial  (or  spanwise)  disposition  of  the  cooling  channels,  and  the 
possible  warping  of  the  cover  casing  after  welding^  which  would  naturally 
lead  to  loss  of  stability* 

The  present  construction  does  not  posse-ss  these  disadvantages,  since? 

(1 )  the  cooling  f lov/  of  air  traverses  the  cover  casing  in  a  cliordwise 
direction,  which  is  more  efficient 

(2)  the  cover  shell  is  mounted  on  the  stem  already  welded  i^e.  after 

its  heat  treatment  and  after  having  been  already  aligned  and  straightened, 
which  eliminates  the  possibility  of  v/arpingj  hollow  format ion,  bonding 
or  kinking.  It  can  be  reasonably  expected,  therefore,  that  the  present 
construction  will  be  more  efficienct  from  the  heat  transfer  point  of 
view  than  the  iirevious  one. 

The  principal  distinguishing  feature,  characterising  the  present  con¬ 
struction,  is  the  fact  that  the  stern  of  the  blade  is  protected  from  the 
effect  of  the  high  teminerature  by  the  cover  casing  and  by  the  flow  of  cooling 
air, 


Irx  previous  designs  of  composite  covered  blades  (for  example  as  in  the 
one  shown  in  fig*  6),  the  stem  of  t?ie  blade  takes  part  in  the  heat  exchanege 
process.,  due  to  the  fact  that  the  ribs  of  the  stem  are  soldered  or  welded 
to  the  cover  casing.  The  increase  in  the  cooling  surface  thus  obtained, 
brought  about  a  certain  decrease  in  the  temperature  of  the  cover  casing  and 
a  certain  increase  in  the  temperature  of  the  stem. 

According  to  our  calculations  the  temperature  in  the  cover  shell  of  a 
blade  of  this  kind  can,  due  to  tlie  transfer  of  heat  to  the  stem,  drop  by 
approximately  I'Oji  and  the  temperature  will  not  be  uniform  (see  fig*2),  v/hich 
will  lead  to  considerable  thermal  stresses.  Calculations  have  shown  that 
the  temperature  fluctuations  can  bo  of  the  order  of  lOO^^C. 

The  manufacture  of  this  kind  if  blade  is  difficult  and  the  efficiency 
of  its  cooling  depends  not  only  on  and  on  the  heat  exchange  surface,  but 

also  on  the  reliable  contact  between  the  cover  and  the  ribs. 

Fig,  6.  Diagram  of  blade.}  the  stem  of  which  takes  part 
in  the  heat  exchange  via  the  longitudinal  ribs. 

In  a  const iTuct ion  of  this  sort  it  is  impossible  to  use  non-heat- 
resisting  materials,  even  if  the  turbine  entry  gas  temperature  is  only 
moderately  high  (BOO^C). 

Another  special  feature,  distinf:uishing  our  design,  is  the  fact  that 
the  whole  of  the  covering  shell  of  the  blade  is  continuously  subjected  to 
compression  only. 


There  is  as  yet  no  unanimous  a^^reement  on  the  question  of  the  effect  of 
the  direction  of  deformation  (compressive  or  tensile)  on  the  limiting  strength 
of  materials  at  normal  temperatures.  Thus  N.M.  Belyaev  (2)  considers  that  the 
values  of  the  limit  of  proportionality  (and  also  of  the  yield  point  for  steel) 
and  of  the  elastic  moduli  for  plastic  materials  are  approximately  the  same  for 
tension  and  compression. 


i.  A.  Odins  (3),  on  the  olliex-  Ijtandj  maintains  that  special  features  of  the 
metal structure  are  often  the  cause  of  the  metal  having  a  higher  yield 
point  in  compression  and  bending  than  in  tension. 

It  seems  obvious  that  in  selecting  any  specific  type  of  material  the 
choice  should  bo  based  on  experimental  data 5  taking  into  account  the  given 
direction  of  deforiaation  taking  place  in  the  part  or  section  in  question. 

From  the  point  of  view  of  resistance  to  deformation  at  high  temperatures, 
however,  the  direction  of  deformation  is  not  unimportant,  es  at  oresent  it  is 
generally  accex^ted  that  the  resistance  of  a  material  can  be  imy.'oved  by  any 
factor,  which  v/ill  help  to  decrease  the  mobility  of  the  atoms  along  the 
granular  boundaries  and  increase  the  inter-atom  bonds  in  the  crystal  lattice  (4). 

If  the  distances  between  the  atoms  are  increased  in  tension  and  decreased 
in  compression,  then  it  is  obvious  that  at  higher  temperatures  the  atoms  of  a 
metal  in  tension  will  possess  a  higher  mobility  than  those  of  a  metal  in 
compression  and  the  inter-'^tom  bonds  in  the  former  case  will  therefore  be 
weakened , 

It  is  mainly  this  feature  that  was  taken  into  consideration  in  determining 
the  direction  of  the  deformation  in  the  blade  cover  of  the  present  design. 

An  increase  in  the  resistance  to  deformation,  even  if  slight,  can  often 
increase  considerably  the  computed  stress- rupture  life  of  the  construction  as 
a  whole. 

The  SAE  journal  (5)  contains  the  following  interesting  data  in  this 
connection. 

Tests  on  one  of  the  engines  have  shown  that  the  computed  stress-rupture 
life  of  turbine  blades  can  be  increased  44  times  by  decreasing  the  temperature 
by  and  the  number  of  revolutions  by 

Failure  of  the  thin- gauge  covering  due  to  compression  forces  can  take  place 
not  only  for  reasons  of  strength.,  but  also  because  the  cover  shell  may  not 
retain  the  shape  originally  intended  for  it  by  the  designers,  in  other  words 
it  may  lose  its  stability.  For  the  design  therefore  to  function  reliably,  it 
is  necessary  to  ensure  not  only  its  resistance  deformation  at  high  temperature 
but  also  the  stability  of  all  its  parts. 

In  order  to  test  the  reliability  of  the  cover  casing  in  conditions  of 
axial  comproasion,  a  series  of  preliminary  tests  were  carried  out,  consisting 
of  static  tests  at  normal  temperatures. 

Typical  cover  shells,  conforming  in  shape  to  present  day  turbine  blades, 
were  used  as  samples.  The  lengths  of  the  tested  casings  ranged  from  200  down 
to  50  with  corresponding  chord  lengths  ranging  from  40  down  to  30  mm.  In 
all- more  than  200  tests  were  carried  out. 

The  tests  were  conducted  on  Gagarin* s  standard  machine,  provided  with  a 
special  device  to  minimise  any  possible  bending  or  buckling*  The  samples  were 
of  light  sheet  steel  material  of  type  1Khl8N9T,  BI696  and  EI437>  0.4  to  O.5  mm 
thick. 
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Manufacturing'  details  of  the  cover  casiDt^’s  and  the  methods  of  heat 
treatment  applied,  v/ere  worked  out  preliminarily. 

The  tests  have  shov/n  that  the  coverinGQ  oGaoe  to  be  efficient  as  a  result 
of  the  combined  effect  cf  the  overall  initial  length  and  the  considerable  and 
excessive  increase  in  the  deformation  of  the  material  at  stresses  approaching 
the  yield  point. 


All  the  tested  cover  shells  showed  the  characteristic  sij:nE  cf  local  loss 
of  stability  in  the  form  of  local  buckling,  which  set  in  suddenly  (fig.  7»)* 

Fig.  7.  Photograph  of  tested  cover  shells.  The  local 
stability  defects  are  clearly  seen. 

The  maximum  critical  stresses  o',  causing  failure  in  stability  were  as 
followss*  ^ 

*Chief  Engineers  A. A.  Kalirnullin  and  R.O.  Khairullin  of  the  Turbine 
Experimental  Laboratory  took  part  in  the  stability  tests. 
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for  covers  made  of  SI65^  material  o"  60  to  64  kg/mm 
for  covers  made  of  1K!hl3N9T  material  cr^  =  27  kg/mm^. 


The  yield  points  in  tension  for  these  materials  are  as  follows s  for  the 
EI696  material  =  kg/mm^,  for  the  IKhiBiTQT  material  0*02  =  ^9  kg/ram^.  The 

cover  shells  made  of  El 696  material  were  subjected  to  ageing,  those  of 
1Fhl8lJ9T  material  were  tested  as  supplied. 

To  get  a  full  picture  of  the  characteristics  of  the  given  blade  design, 
it  is  necessary  to  have  some  data  relating  to  its  efficiency  from  the  point 
of  view  of  heat  transfer.  As  a  first  approximation  the  cooling  efficiency  of 
this  type  of  blade  can  be  assessed  from  tVie  results  of  the  experiments  carried 
out  at  the  Experimental  Laboratory  in  19d9* 

Fig.  b  shows  iesx  results  obtained  v;ith  t^xis  blade. 


Perforated  blade! 


lade  of  jet  engane  I-Iark  RI)-20 


\  ^el  1  of_  covered  {blade 
! 

Stern  of  covered  blade 


Pres  sure  1  ATM .  AB  S . 

Gas  temperature  '"~~^~0OOQ0 
Air  temperature  104^C, 


10''\g/sec.9* 


Pig.  8.  Experimental  data  of  tests  of  a  covered  blade 

carried  out  by  the  KAI  Gas  Turbine  Council  in  1949^ 
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Conclusions 


The  proposed  blade  desi{;n  can  be  used  efficiently  in  moderately  high 
gas  temperatures  of  the  order  of  800  to  900^0.  It  is  possible,  in  these 
conditions,  to  make  the  stem  of  a  non  heat-resisting  material. 

The  use  of  a  'oold*  stem  will  ease  the  load  on  the  turbine  rotor  or  will 
reduce  its  weight. 

Endurance  tests  have  shown  bhat  cover  shells,  of  the  type  proposed,  can 
function  efficiently  in  the  above  desifr;n  and  that  there  is  no  reason  to 
anticipate  any  stability  failure. 

For  a  final  assessment  of  t>iG  efficiency  of  the  design  proposed,  it  will 
be  necessary  to  carry  out  additional  tests  at  higher  temperatures,  both  in 
static  bench  conditions  as  well  as  in  the  v/orking  conditions  of  an  engine. 

To  assess  the  efficiency  of  the  proposed  blade,  special  theimal  tests 
will  be  necessary. 
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